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Fluorescent dyeConnexin 43 (Cx43) hemichannels may form open channels in the plasma membrane when exposed
to speciﬁc stimuli, e.g. reduced extracellular concentration of divalent cations, and allow passage of
ﬂuorescent molecules and presumably a range of smaller physiologically relevant molecules. How-
ever, the permeability proﬁle of Cx43 hemichannels remains unresolved. Exposure of Cx43-express-
ing Xenopus laevis oocytes to divalent cation free solution induced a gadolinium-sensitive uptake of
the ﬂuorescent dye ethidium. In spite thereof, a range of biological molecules smaller than ethi-
dium, such as glutamate, lactate, and glucose, did not permeate the pore whereas ATP did. In con-
trast, permeability of glutamate, glucose and ATP was observed in oocytes expressing Cx30.
Exposure to divalent cation free solutions induced a robust membrane conductance in Cx30-
expressing oocytes but none in Cx43-expressing oocytes. C-terminally truncated Cx43 (M257) dis-
played increased dye uptake and, unlike wild type Cx43 channels, conducted current. Neither
Cx30 nor Cx43 acted as water channels in their hemichannel conﬁguration. Our results demonstrate
that connexin hemichannels have isoform-speciﬁc permeability proﬁles and that dye uptake cannot
be equaled to permeability of smaller physiologically relevant molecules in given settings.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction logical events such as ischemia and spreading depression [21,22].Gap junctions are intercellular channels connecting adjacent
cells. The junctional channel is composed of two hemichannels
from neighboring cells, each comprising six connexin subunits.
21 different connexin isoforms have been described in mammals
and are numbered according to their molecular weight or named
according to orthologue relationships [1]. Gap junctions conduct
current and exchange metabolites and signaling molecules be-
tween cells, reviewed in [2]. Connexin 43 (Cx43) is expressed in
astrocytes and, assisted by Cx30, serves to interconnect individual
astrocytes and thereby create functional astrocytic networks [3–6].
Undocked Cx43 has been detected in the astrocytic plasma mem-
brane [7] and may open as hemichannels upon different stimuli
such as exposure to divalent cation free solution [8–12], metabolic
inhibition [13,14], inﬂammatory agents [15,16], alkalinization [17],
dephosphorylation [18], depolarized membrane potentials (i.e.
near 0 mV [9]), and positive membrane potentials [19], reviewed
in [20]. These molecular stimuli are key features of pathophysio-An accompanying opening of large hemichannels might thus lead
to release/uptake of substances which are harmful or beneﬁcial
to the surrounding cells.
Cx43, in its open hemichannel conﬁguration, has been reported
to conduct current at large positive potentials [19,23] while per-
meability of ﬂuorescent dyes, ATP, glutamate, and cAMP has been
detected at physiological membrane potentials [19,24,25]. How-
ever, due to technical advantages, transfer of ﬂuorescent dyes is
routinely used to determine gap junctional cell coupling and hemi-
channel activity [8–11,20,26]. Fluorescent dyes up to approxi-
mately 1 kDa pass through gap junctions [27–29] whereas the
largest dye reported to pass through the hemichannel conﬁgura-
tion of Cx43 is approximately 600 Da [11]. Although both diameter
and charge inﬂuence dye permeability (for review see [30]), it has
been inferred that ﬂuorescent dye size cut-off may be carried over
to transfer of biological molecules [11,13,14,31]. However, a full
permeability proﬁle of Cx43 hemichannels is lacking.
A range of astrocytic channels (i.e. other connexins and pannex-
ins, purinergic P2X receptor channels, volume-regulated anion
channels (VRACS), and the anion maxichannel) are permissive to
the measured permeants and/or sensitive to some of the available
hemichannel blockers [32–38], thus occasionally complicating a
deﬁnite identiﬁcation of the molecular mechanism responsible
for the observed transport activity. With the aim to obtain an
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ity proﬁle of Cx43 in its hemichannel conﬁguration, without the
large background catalogue of alternative candidate channels pres-
ent in the native system, we employed the Xenopus laevis expres-
sion system. Cx43 forms fully functional gap junctions between
adjacent Cx43-expressing oocytes [39] and we, accordingly, ob-
served hemichannel-mediated dye uptake in Cx43-expressing oo-
cytes upon reduction of divalent cations in the extracellular
solution. However, Cx43 hemichannel-mediated dye uptake was
not paralleled by a non-selective permeability to a range of biolog-
ically relevant solutes. Cx30 hemichannels, in contrast, displayed
permeability to a larger but still select subset of the tested
substances.
2. Experimental procedures
2.1. Heterologous expression in X. laevis oocytes
Oocytes were surgically removed from X. laevis frogs (Nasco,
USA or National Center for Scientiﬁc Research, France) as previ-
ously described [40]. The surgery was carried out in accordance
with the Danish National Committee for Animal Studies under
the Ministry of Justice. Stage V–VI oocytes were defolliculated, iso-
lated, and kept in Kulori medium containing (in mM: 90 NaCl, 1
KCl, 1 MgCl2, 1 CaCl2, 5 HEPES, pH 7.4) at 18 C for up to 24 h prior
to cRNA injection [40]. The cDNA encoding mCx30 (obtained from
Klaus Willecke, Bonn University), rCx43 (obtained from Zealand
Pharma, Denmark), rAQP4 (obtained from Søren Nielsen, Aarhus
University), rAQP9 (obtained from Alan Verkman, University of
California), V1aR (obtained from Michal Brownstein, NIH) and
Cx43 M257 (truncated rCx43 by PCR) were subcloned into the
expression vector pXOOM optimized for oocyte expression by
addition of untranslated RNA-stabilizing elements [41]. The con-
structs were linearized down-stream from the poly-A segments
and in vitro transcribed to cRNA using mMessage mMachine T7
transcription kit (Ambion, Denmark) followed by puriﬁcation of
the transcript using MEGAclear (Ambion, Denmark). Oocytes were
injected with 10 ng cRNA or antisense oligonucleotide correspond-
ing to endogenous Xenopus Cx38 (asCx38, 50-CTGACTGCTCGT
CTGTCCACACAG-30 [42,43]) using a Nanoject micro injector
(Drummond Scientiﬁc) and kept in Kulori medium at 18 C for
3–6 days prior to experiments.
2.2. Electrophysiology
Connexin-expressing oocytes were placed in a glass-bottomed
plexiglas chamber perfused with NaCl solution (containing in
mM: 100 NaCl, 2 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, 4 Tris ((HOCH2)3-
CNH2), pH 7.4) or NaCl solution without divalent cations (divalent
cation free solution, DCFS) in which Ca2+ and Mg2+ salts were
substituted with equiosmolar NaCl. Electrodes were pulled from
borosicilicate glass capillaries to a resistance of 1–2 MOwhen ﬁlled
with 1 M KCl. The recordings were performed with a Dagan Clam-
pator interfaced to a PC with a Digidata 1320 A/D converter and
pClamp 9.2 (Axon Instruments, Molecular Devices, CA, USA). Cur-
rents were low pass-ﬁltered at 500 Hz and sampled at 2 kHz. I/V
curves were recorded from a holding potential of 50 mV by appli-
cation of 100 ms voltage steps from 100 to +60 mV in steps of
20 mV. Tail currents were quantiﬁed 10 ms after repolarization
from +60 to 50 mV.
2.3. Ethidium uptake
Five oocytes were placed in a well of a 24-well cell culture plate
containing 0.5 ml experimental solution, either NaCl solution(described above), or KCl solution (in which 100 mM KCl replaced
the 100 mM NaCl), with or without divalent cations (Ca2+/Mg2+) or
EDTA (2 mM in the absence of Ca2+ and Mg2+). The test solution
contained 50 lM ethidium bromide (diluted from 25 mM stock
in H2O) and the uptake was performed with mild agitation for
1 h at room temperature unless otherwise stated. Subsequently,
the oocytes were washed three times in 1 ml NaCl solution and
placed individually in wells of a 96-well microtiter plate contain-
ing 50 ll water (Mili-Q) and lysed by repeated pipetting. Ethidium
content of each well was determined with a Synergy HD plate
reader (Biotek, Vermont, USA) and Gen5 software (BioTek, Ver-
mont, USA) using 340/11 and 590/35 nm ﬁlters for excitation and
emission, respectively.
2.4. Radio-isotope permeability
Five uninjected, Cx30-, Cx43-, or AQP9-expressing oocytes were
placed in 0.5 ml of either NaCl control solution or DCFS containing
14[C]-labelled mannitol (17 lM, 2.1  109 Bq/mmol, Perkin Elmer,
USA), urea (17 lM, 2.2  109 Bq/mmol, Amersham Biosciences,
UK), glycerol (17 lM, 5.3  109 Bq/mmol, Perkin Elmer), glucose
(8.4–17 lM, 1.1  1010 Bq/mmol, Amersham Biosciences, UK), or
lactate (17 lM, 4.8  109 Bq/mmol Perkin Elmer, USA). Following
15 min (mannitol, urea and glycerol) or 1 h incubation (lactate
and glucose) at room temperature with mild agitation, the oocytes
were gently washed in 2  1 ml NaCl containing 1 mM Ca2+ and
1 mMMg2+ in order to remove residual isotope, and subsequently
lysed individually in scintillation vials with 200 ll SDS. Scintilla-
tion ﬂuid (Opti-Flour or Ultima Gold, Perkin Elmer) was added
and the radioactive samples counted (Tri-Carp 2900TR, Packard).
Tracer release experiments were performed by microinjection of
3[H]-labelled ATP (0.29 nmol/oocyte, 1.3  1012 Bq/mmol, Perkin
Elmer, USA), glutathione (0.20 nmol/oocyte, 1.8  1012 Bq/mmol,
Perkin Elmer, USA), or glutamate (0.21 nmol/oocyte,
1.8  1012 Bq/mmol) followed by gentle but swift wash in NaCl
solution containing 1 mM Ca2+ and 1 mMMg2+. The oocytes were
transferred to 1 ml of NaCl DCFS and left with mild agitation for
1 h at room temperature. The oocytes were washed in NaCl solu-
tion containing 1 mM Ca2+ and 1 mMMg2 and lysed individually
in scintillation vials as described above.
2.5. Osmotic water permeability
Osmotic water permeability of Xenopus oocytes was determined
as previously described [44]. Brieﬂy, individual oocytes were
placed in a glass bottomed plexiglas chamber above an inverted
microscope with a CCD camera. Two microelectrodes (1–2 MX,
1 M KCl), were inserted to the oocytes, keeping the oocytes in place
and allowing parallel determination of membrane potential (Vm)
and oocyte volume. The microscope was focused on the oocyte cir-
cumference and changes in oocyte diameter were recorded by a
custom-made data acquisition program [44]. The chamber was
perfused with NaCl solutions with (NaCl) or without (DCFS) diva-
lent cations. A hyperosmotic challenge of 20 mOsm was imposed
on the oocytes by addition of 10 mM NaCl or 20 mM mannitol to
the respective test solution. The osmolarity of the solutions was
determined to an accuracy of 1 mOsm by an osmometer (Micro-
Osmometer Typ15, Löser Messtechnik, Germany). The water per-
meability was calculated as:
Lp ¼ Jv=ðA Dp VwÞ
Where Jv is the initial water ﬂux during the osmotic challenge, A
is the oocyte membrane surface area (about nine times the appar-
ent oocyte area due to invaginations of the membrane [45]), Dp is
the osmotic challenge, and Vw the partial molal volume of water.
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Ethidium uptake was determined, as described above, for unin-
jected and Cx43-expressing oocytes in either control or DCFS solu-
tion at 5, 20 or 30 C for 1 h. Uptake in uninjected oocytes was
subtracted to obtain the Cx43-mediated uptake (k). The Arrhenius
equation states that:
lnðkÞ ¼ Ea=R 1=T þ lnðAÞ
Where k is uptake in arbitrary units, Ea is activation energy, R is
the gas constant, T is temperature and A is the pre-exponential fac-
tor. Ea/R was determined as the slope when plotting ln(k) as a
function of 1/T.2.7. Immunocytochemistry and Western-blotting
For immunocytochemistry, Xenopus oocytes were ﬁxed in 3%
paraformaldehyde and sectioned with a cryostat (20 lm sections).
The sections were permeabilized and immunocytochemistry was
performed with a polyclonal anti-Cx43 antibody, 1:1000 (C6219,
Sigma–Aldrich) and a secondary 488 Alexa-conjugated antibody
followed by counterstaining with phalloidin conjugated to Alexa
555 (both Invitrogen, Carlsbad, CA). Sections were imaged in a la-
ser scanning microscope (Zeiss LSM 780, Carl Zeiss MicroImaging
GmbH, Jena, Germany) with a 63X 1.4 NA oil objective.
Puriﬁed plasma membranes were obtained from 15 oocytes per
condition as previously described in detail [46]. Brieﬂy, the oocyte
vitelline envelope was partly enzymatically digested and polymer-
ized to the plasma membrane. The oocytes were homogenized and
following a series of centrifugation steps, the pure fraction of plas-
ma membrane/vitelline envelope leaﬂets was obtained. Rat cardiac
tissue was crushed in liquid nitrogen and subsequently dissolved
in radioimmunoprecipitation assay buffer with phen-
ylmethanesulfonylﬂuoride (1 mM), sodium orthovanadate
(1 mM), Protease Inhibitor Cocktail and Phosphatase Inhibitor
Cocktail 1 and 2 (Sigma–Aldrich, St. Louis, MO) as recommended
by the manufacturer. The samples were sonicated three times
10 s on ice and centrifuged (20000g for 30 min at 4 C). For prep-
aration of dephosphorylated Cx43, samples were treated with alka-
line phosphatase (P6774, Sigma–Aldrich, St. Louis, MO). Proteins
were separated on 7% Tris–Acetate gels (Life Technologies) and
immunoblotted on 0.45 lm nitrocellulose ﬁlter paper (Invitrogen)
with polyclonal anti-Cx43 antibody, 1:5000 (C6219, Sigma–Al-
drich) and anti-rabbit HRP secondary antibody 1:10,000 (LA
142254, Thermo Scientiﬁc) followed by visualization by chemilu-
minescence (SuperSignal West Pico, Thermo Scientiﬁc, BioSpectru-
mAC Imaging System (UVP).
2.8. Statistics
All experiments were performed with at least three different
batches of oocytes with one batch being oocytes from one frog.
Each oocyte uptake/release experiment was made in pentaplicate
and electrophysiology performed in, at least, triplicate per batch.
Three-parameter logistic non-linear regression analysis was per-
formed with Prism 6.02 (GraphPad Software, USA) on the Ca2+-
or Gd3+-sensitive component of the ethidium uptake. Prior to
regressional analysis, the contribution from the native membrane
was subtracted and the connexin-mediated ethidium uptake was
normalized to that obtained in DCFS. Statistical analysis was per-
formed with Prism 6.02 (GraphPad Software, USA) using t-test or
ANOVA with Holm-Sidak multiple comparison Post hoc test as indi-
cated in legends, P < 0.05 was considered signiﬁcant. Values in text
are given as average ± S.E.M.2.9. Chemicals
All chemicals were from Sigma–Aldrich (St. Louis, MO, USA) un-
less otherwise stated. GdCl3 stock was dissolved in NaCl divalent
cation free solution (DCFS, 5 or 10 mM).
3. Results
3.1. Functional expression of Cx43 in X. laevis oocytes
Immunoﬂuorescence microscopy on X. laevis oocytes revealed
robust staining for Cx43 upon microinjection of cRNA encoding
Cx43, whereas no staining was detected in the uninjected control
oocytes (Fig. 1a). Cx43 staining co-localized with staining against
the membrane-associated ﬁlamentous actin (F-actin), suggesting
successful targeting of Cx43 to the plasma membrane (Fig. 1a).
Western blotting of total lysates from uninjected and Cx43
cRNA-injected oocytes conﬁrmed Cx43 expression exclusively in
injected oocytes, whereas Cx43 localization to the plasma mem-
brane proper was veriﬁed by blotting of puriﬁed plasma mem-
branes (Fig. 1b). The immunoblot reveals that the molecular size
of Cx43 expressed in oocytes parallels that of Cx43 in native
cardiomyocytes (Fig. 1b). Substitution of CaCl2 and MgCl2 with
2 mM EDTA in the solution, a molecular stimulus to promote hemi-
channel opening, resulted in a time-dependent uptake of the ﬂuo-
rescent dye ethidium (Eth, 314 Da, charge +1) (Fig. 1c). The rate of
dye uptake was ﬁve-fold higher in Cx43-expressing oocytes com-
pared to uninjected control oocytes (0.077 ± 0.003 vs
0.016 ± 0.002 min1, n = 3, P < 0.0001). Ethidium uptake was a lin-
ear function of time between 0 and 60 min and bore no sign of sat-
uration within this timeframe (Fig. 1c). Injection of antisense DNA
targeting the endogenous Cx38 [42,43] did not affect ethidium up-
take in control oocytes exposed to divalent cation-free solution
(DCFS) (1.01 ± 0.04 of control, n = 3, Fig. 1d inset). Similarly, mem-
brane currents were comparable in Cx38 antisense-injected oo-
cytes and in uninjected oocytes (Fig. 1d). Tail currents following
repolarization from +60 mV to the holding potential of 50 mV
were barely detectable (see Fig. 6a, inset in left panel). Injection
of asCx38 did not signiﬁcantly alter the size of the recorded tail
current (161 ± 31 nA, n = 10 for uninjected oocytes compared to
117 ± 18 nA, n = 9 for asCx38-injected oocytes). Endogenous Cx38
is thus expressed at a low level compared to the heterologously ex-
pressed connexin and does not contribute signiﬁcantly to the
DCFS-activated dye uptake or membrane currents. Injection of
Cx38 antisense DNA was therefore omitted in the following exper-
iments. Furthermore, an injection control carried out with cRNA
encoding the unrelated vasopressin receptor V1aR revealed no sig-
niﬁcant ethidium uptake in oocytes exposed to EDTA-containing
DCFS (1.0 ± 0.1 vs 1.3 ± 0.2, for uninjected and V1aR-expressing oo-
cytes, respectively, n = 3, P > 0.3). Ethidium uptake appears to be
connexin-mediated and not caused simply by cRNA injection or
forced expression of a membrane protein.
In control solution containing 1 mM Ca2+ and 1 mMMg2+, Cx43-
expressing oocytes had a 1.8 ± 0.1-fold higher uptake of ethidium
than uninjected oocytes (n = 9 and 16 experiments, P < 0.01)
(Fig. 2a). Selective removal of Mg2+ had no signiﬁcant effect on
the Cx43-dependent ethidium uptake whereas the uptake was sig-
niﬁcantly stimulated by removal of Ca2+ (from 1.8 ± 0.1 to
2.6 ± 0.3-fold of uninjected control, n = 9, P < 0.05). Removal of
both Ca2+ and Mg2+ (DCFS) stimulated the Cx43-mediated ethi-
dium uptake to a greater extent than selective removal of Ca2+
(3.2 ± 0.4 vs 2.6 ± 0.3-fold of uninjected control, n = 7, P < 0.05).
Complete removal of residual divalent cations with addition of
2 mM EDTA stimulated the ethidium uptake (to 4.6 ± 0.5-fold of
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Fig. 1. Functional expression of Cx43 in the plasma membrane in Xenopus laevis oocytes. (a) Oocytes, either uninjected (upper panel) or injected with cRNA encoding Cx43
(lower panel), were immunostained with antibodies against F-actin (red) and Cx43 (green). Cx43-injected oocytes displayed robust Cx43 expression at the plasma membrane
whereas no Cx43-staining was detectable in the uninjected oocyte. Bar; 10 lm. (b) Cx43 is present in the plasma membrane of Cx43-expressing oocytes as determined by
Western blot of total lysate (total) or puriﬁed plasma membranes (membr) obtained from uninjected (Uninj) and Cx43-expressing oocytes (Cx43), lanes 1–4. Lanes 5–6
contain mouse cardiomyocyte lysate, either untreated (CM) or dephosphorylated with alkaline phosphatase (CM, dephos.) (c) Ethidium uptake in uninjected and Cx43-
expressing oocytes as a function of time in DCFS containing 2 mM EDTA and 50 lM ethidium bromide. Values are given relative to that obtained in the uninjected oocytes at
time 60 min (88 ± 28, arbitrary units, n = 3 experiments carried out in pentaplicate). Solid line indicates best ﬁt linear regression and dashed line indicates 95% conﬁdence
interval, n = 3. The curves were tested with linear regression analysis and the slopes are signiﬁcantly different (P < 0.0001). (d) DCSF-induced membrane currents and
ethidium uptake (inset) of uninjected and antisense Cx38-injected oocytes (asCx38). Uptake and membrane currents of antisense Cx38-injected oocytes were not
signiﬁcantly different from those of the uninjected control as determined with one-sample t-test (P > 0.89, n = 3 experiments performed in pentaplicate for uptake and
P = 0.37, n = 10 oocytes for membrane currents at Vm = 100 mV). Error bars indicate S.E.M.
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oocytes was unaffected by divalent cation concentration (Fig. 2a).
Removal of divalent cations from the extracellular ﬂuid caused
a membrane depolarization from 31 ± 3.8 mV (control, n = 31) to
13 ± 3.2 mV (DCFS, n = 10) and 10 ± 3.3 mV (EDTA, n = 10). Acti-
vation of ethidium uptake following removal of divalent cations
could thus be caused by the associated membrane depolarization
rather than by removal of divalent cations per se. To separate be-
tween these two stimuli, NaCl was substituted with KCl in the
experimental solution which resulted in depolarization of the oo-
cyte membrane to 6.0 ± 2.1 mV, n = 10. As illustrated in Fig. 2a,
substitution of NaCl with KCl, with the divalent cation concentra-
tion kept at 1 mM each, failed to promote Cx43-dependent ethi-
dium uptake. Removal of divalent cations from the KCl solution
did, however, result in ethidium uptake (4.3 ± 0.8-fold of uninject-
ed control in NaCl, n = 4), comparable to that obtained in NaCl solu-
tions lacking divalent cations. Therefore, in the current setting, the
ethidium uptake is caused by removal of divalent cations rather
than depolarization of the membrane.
The Ca2+ sensitivity of the ethidium uptake was determined
by exposure of Cx43-expressing oocytes to varying Ca2+concentrations ranging from 0 to 2 mM with no Mg2+ present.
Cx43-mediated ethidium uptake displayed dose-dependence to
the Ca2+ concentration with an IC50 of 30 ± 9 lM, n = 6, although
full closure was not obtained with the Ca2+ concentrations em-
ployed in the present study (Fig. 2b). The ethidium uptake of the
uninjected oocytes was independent of the Ca2+ concentration
(Fig. 2b inset).
The Cx43-mediated ethidium uptake was sensitive to the tran-
sition metal Gd3+ which is commonly used as a hemichannel inhib-
itor. Exposing Cx43-expressing oocytes to Gd3+-concentrations
ranging from 0 to 50 lM revealed a high sensitivity to Gd3+
(IC50 = 0.42 ± 0.12 lM, n = 5 experiments). At 5 lM, Gd3+ exerted
complete inhibition of the Cx43-mediated, DCFS-activated ethi-
dium uptake (1.02 ± 0.05 of uninjected control oocytes, n = 5)
(Fig. 2c). The ethidium uptake of the uninjected oocytes was unaf-
fected by 50 lM Gd3+ (0.99 ± 0.05 of control, n = 5, Fig. 2c inset)
which, given the high sensitivity of the ethidium uptake in Cx43-
expressing oocytes, indicates that Cx43 expression is not just
amplifying an endogenous transport pathway of the native oocyte.
To obtain the Arrhenius activation energy (Ea) of the Cx43-med-
iated dye uptake, the ethidium uptake was carried out at 5, 20 and
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16 ± 2 kcal/mol for the Cx43-mediated ethidium uptake in DCFS,
n = 3 experiments. This temperature dependence indicates that
ethidium uptake does not occur as free diffusion through a consti-
tutively open pore.
Thus, Cx43 displays a characteristic hemichannel behavior upon
expression in X. laevis oocytes; divalent cation free solution-in-
duced uptake of ﬂuorescent dye in a Ca2+- and Gd3+-sensitive fash-
ion. Having established functional hemichannel activity, we then
focused on determining the permeability proﬁle of Cx43
hemichannels.
3.2. Permeability to small molecules
We probed the permeability of Cx43 with 14[C]-labelled ver-
sions of the non-charged but structurally different molecules;mannitol (182 Da), urea (60 Da), and glycerol (92 Da), i.e., mole-
cules with sizes well below the presumed Cx43 permeability cut-
off. Cx43-expressing oocytes were exposed to divalent cation free
solutions containing the radioisotope-labelled molecules but failed
to display uptake of these molecules above the level of the unin-
jected control oocytes (Fig. 3), despite signiﬁcant ethidium uptake
(red bars in Fig. 3). Uptake of the radioisotope-labelled mannitol,
urea, and glycerol in control solution containing 1 mM Ca2+ and
Mg2+ was identical to that obtained in DCFS (data not shown). In
contrast, the large-pore aquaporin 9, AQP9, was permeable to these
small uncharged molecules, whereas no signiﬁcant ethidium up-
take was detected (Fig. 3).
The permeability proﬁle of a range of biologically relevant mol-
ecules was determined for the hemichannel conﬁguration of the
major astrocytic connexins, Cx30 and Cx43, by inﬂux and efﬂux
experiments with radioisotope-labelled molecules. Cx30- and
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Fig. 4. Cx30 and Cx43 hemichannel permeability to small messengers and
metabolites. (A and B) Uninjected, Cx30-, and Cx43-expressing oocytes were
incubated in DCFS containing radioisotope-labelled lactate or glucose in the
absence or presence of 50 lM Gd3+ (hatched bars). Values are given relative to
the uninjected control oocytes (n = 4 experiments carried out in pentaplicate).
Uptake was compared to that of the uninjected oocytes using one-way ANOVA with
Holm-Sidak multiple comparison post hoc test. (c) Uninjected, Cx30-, and Cx43-
expressing oocytes were microinjected with 3[H]-labelled ATP, glutathione, or
glutamate. The remaining fraction was determined following 1 h incubation in
DCFS and values are given relative to those of the uninjected oocytes. The remaining
fractions were compared to those of the uninjected oocytes using one-way ANOVA
with Holm-Sidak multiple comparison post hoc test. n = 5 experiments carried out
in pentaplicate. Error bars indicate S.E.M. ⁄P < 0.05, ⁄⁄P < 0.01, ⁄⁄⁄<0.001.
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labelled glucose (180 Da, non-charged) or lactate (89 Da, charge
1). Neither of the connexins were permeable to lactate (Fig. 4a)
but Cx30 was permeable to glucose (2.78 ± 0.53-fold of control,
n = 5, P < 0.05) in a Gd3+-sensitive manner (Fig. 4b). Efﬂux of gluta-
mate (147 Da, charge 1), glutathione (307 Da, non-charged), and
ATP (500 Da, charge 4) was determined after microinjection of
3[H]-labelled glutamate, glutathione, or ATP into uninjected,
Cx30- and Cx43-expressing oocytes, followed by immediate expo-
sure to DCFS (Fig. 4c). The remaining fraction of radio-ligand was
normalized to that of the uninjected oocytes and averaged across
4–5 experiments performed in pentaplicate. Glutamate was re-
leased from Cx30-expressing oocytes following exposure to DCFS
(remaining fraction 0.66 ± 0.06 of that of the uninjected oocytes,
n = 4 experiments, P < 0.01), whereas the remaining fraction of glu-
tamate was similar in the uninjected and Cx43-expressing oocytes
(1.02 ± 0.06 of that of the uninjected oocyte, n = 4 experiments).
Glutathione efﬂux was similar in uninjected, Cx30- and Cx43-
expressing oocytes (0.94 ± 0.03, and 0.92 ± 0.09 of that of the unin-
jected oocyte, n = 4), whereas ATP release was detected from both
Cx30- and Cx43-expressing oocytes: remaining fraction relative to
that of the uninjected oocytes: 0.81 ± 0.04 in Cx30-expressing oo-
cytes, P < 0.001 and 0.88 ± 0.04 in Cx43-expressing oocytes,
P < 0.01, n = 5 experiments.
3.3. Water permeability of connexin hemichannels
To determine if pores, which allow passage of ethidium, permit
osmotically-induced water ﬂow, we compared the water perme-
ability of oocytes expressing Cx30 or Cx43 to oocytes expressing
the astrocytic aquaporin 4 (AQP4). The oocytes were challenged
with an osmotic gradient of 20 mOsm (addition of 10 mM NaCl
to the test solution) and the water permeability of the oocytes
was determined from its initial rate of shrinkage observed with a
highly sensitive camera. The oocytes were kept in divalent cationfree solution while exposed to the abrupt hyperosmotic challenge.
Fig. 5, panel a illustrates volume traces from uninjected, Cx30-,
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Fig. 5. Cx30- and Cx43 hemichannels are not water channels. Uninjected, Cx30-,
Cx43- or AQP4-expressing oocytes were placed in a perfused chamber and oocyte
volume change was determined in DCFS by inclusion of additional NaCl or mannitol
to the test solution, providing an osmotic challenge of 20 mOsm. (a) Representative
traces of relative oocyte volume following 20 mOsm NaCl hyperosmotic perturba-
tion (black bar). (b) Summarized osmotic water permeabilities for uninjected,
Cx30-, Cx43- or AQP4-expressing oocytes exposed to 20 mOsm hyperosmotic NaCl-
solution, n = 6–13 of each. (c) Osmotic water permeabilities for uninjected, Cx30-,
Cx43-, and AQP4-expressing oocytes exposed to 20 mOsm hyperosmotic mannitol
solution, n = 5–14 of each. There was no signiﬁcant difference between water
permeability in Cx30- or Cx43-expressing oocytes compared to uninjected control
oocytes as tested by one-way ANOVA with Holm-Sidak multiple comparison post
hoc test. Error bars indicate S.E.M. ⁄⁄⁄⁄P < 0.0001.
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played robust shrinkage whereas Cx30- and Cx43-expressing oo-
cytes shrank at a rate that was not signiﬁcantly different from
that of the uninjected oocytes. The osmotic water permeabilities
were (in 103 cm sec1): 0.08 ± 0.01, n = 22 for uninjected oocytes,
0.09 ± 0.01, n = 13 for Cx30-expressing oocytes, 0.08 ± 0.01, n = 10
for Cx43-expressing oocytes, and 1.5 ± 0.2, n = 6 for AQP4-express-
ing oocytes, summarized in Fig. 5, panel b. To ensure that the lack
of connexin-mediated water permeability was not due to the
choice of osmolyte, we performed parallel experiments with
20 mM of the larger and widely used osmolyte mannitol. Abrupt
exposure to a mannitol-induced osmotic challenge conferred sim-
ilar cell shrinkage in oocytes expressing Cx30 and Cx43 compared
to that of the uninjected control oocyte (Fig. 5, panel c). Similar
data were obtained in control solutions containing divalent cations
(data not shown).
3.4. Electrophysiology of connexin-expressing oocytes
With a conventional two-electrode voltage clamp setup, we
measured membrane conductance of uninjected, Cx30- and
Cx43-expressing oocytes in test solutions containing 1 mM Ca2+
and Mg2+ and in DCFS. Cx30-expressing oocytes displayed robust
DCFS-activated membrane currents in the order of microamperes,
which were blocked by 50 lM Gd3+ (Fig. 6a and b). In contrast,
Cx43-expressing oocytes failed to conduct detectable current
greater than that of the uninjected oocytes both in control solution
and in DCFS (Fig. 6a and b, magniﬁed in inset in Fig. 6a). Longer
voltage steps of 10 s also failed to produce Cx43-mediated currents
(data not shown). The recorded membrane currents of uninjected,
Cx30-, and Cx43-expressing oocytes are summarized in Fig. 6b.
Parallel uptake experiments were made to compare current with
ethidium uptake. Despite only Cx30-expressing oocytes demon-
strated DCFS-activated conductance (Fig. 6a and b), Cx30- and
Cx43-expressing oocytes displayed similar Gd3+-sensitive DCFS-
activated ethidium uptake (Fig. 6c).
3.5. C-terminal truncation at M257 results in conductance and
increased ethidium permeability
The C-terminus of Cx43 has been implicated in voltage gating of
Cx43 cell–cell channels [47]. To determine the role of the C-termi-
nus in regulation of Cx43 permeability to atomic ions, we ex-
pressed a truncated version of Cx43 (M257). The I/V relationship
of uninjected and M257-expressing oocytes were recorded in con-
trol solution containing Ca2+ and Mg2+ and in DCFS (Fig. 7a). A
DCFS-activated linear membrane conductance was observed in oo-
cytes expressing M257. C-terminal truncation of Cx43 led, in addi-
tion, to a doubling of the DCFS-induced ethidium uptake into
connexin-expressing oocytes: 8.8 ± 1.1-fold of uninjected oocytes
for M257 versus 3.4 ± 0.5-fold of uninjected control for Cx43,
n = 6, P < 0.001) (Fig. 7b). The Ca2+-sensitivity (49 ± 15 lM, n = 4)
and Gd3+-sensitivity (0.77 ± 0.06 lM, n = 4) of the M257-mediated
ethidium uptake was similar to that obtained for Cx43 (Compare
Fig. 7c and d with Fig. 2b and c), indicating that the C-terminus
is not required for pharmacological inhibition or Ca2+-mediated
gating.
4. Discussion
Cx43-expressing oocytes displayed ﬂuorescent dye uptake
characteristic of hemichannel activity: (1) time-dependent ethi-
dium uptake accelerated by removal of divalent cations in the
extracellular solution, (2) inhibition of dye uptake as a function
of extracellular Ca2+ concentration, and (3) sensitivity to Gd3+.
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Fig. 6. Dye uptake and membrane conductance are not necessarily linked connexin hemichannel features. (a) Representative current traces from an uninjected, a Cx30- and a
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Cx30- and Cx43-expressing oocytes. Uptake was conducted in DCFS as described in Fig. 2 and the results are given relative to those of the uninjected oocytes (127 ± 14
arbitrary units, n = 4 matched experiments carried out in pentaplicate). Statistical signiﬁcance was tested relative to the uninjected oocytes in DCFS by repeated measures
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D.B. Hansen et al. / FEBS Letters 588 (2014) 1446–1457 1453The 3-fold DCFS-activated increase in dye uptake, observed in
Cx43-expressing oocytes, is comparable to previous studies in
Cx43-expressing HeLa cells and in cultured astrocytes and tany-
cytes endogenously expressing Cx43 [8,11,48,49]. The oocyte
expression system has previously been used to determine the func-
tion of Cx43 as intercellular channels [50–52] and hemichannels
[39,18]. As a possible confounder in the oocyte expression system,
Ebihara et al. reported that oocytes express endogenous Cx38 [53].
Several subsequent studies thus used Cx38 antisense to knock
down Cx38 and prevent putative interactions with the heterolo-
gously expressed Cx43. In the present study, we did not observe
any functional signs of detectable Cx38 expression; the tail current
reported by Ebihara [43] was not observed in our native oocytesand Cx38 antisense had no effect on the I/V relationship, the tail
currents, nor the dye uptake in native oocytes. This observation
is in accordance with a previous report in which micro-injection
of antisense Cx38 DNA had no signiﬁcant effect on the magnitude
of dye uptake in oocytes [18]. Cx38 expression may thus vary from
study to study, possibly due to oocyte source, handling or treat-
ment conditions but does not appear to interfere with the data ob-
tained in the present study.
Removal of divalent cations induced depolarization of the oo-
cyte membrane although membrane depolarization, in itself, did
not induce dye uptake in Cx43-expressing oocytes. This observa-
tion is in accordance with a previous report on cultured astrocytes
[13] but in contrast to a study on another mammalian cell type [9].
Et
hi
di
um
-u
pt
ak
e,
 re
la
tiv
e
Uninj. Gd 3+ Cx43 Gd 3+ M257 Gd 3+
0
2
4
6
8
10
12
**
* * *
Vm (mV)
I (
nA
)
-1 4 0 -1 2 0 -1 0 0 -8 0 -6 0 -4 0 -2 0 2 0 4 0 6 0
-600
-400
-200
200
400
600
Uninj. Control
Uninj. DCFS
M257 Control
M257 DCFS
****
****
****
**
****
**
Et
h-
up
ta
ke
, r
el
at
iv
e
0 .0 0 1 0.01 0.1 1 10 100
0.0
0.2
0.4
0.6
0.8
1.0
00 .0 0 1 0.01 0.1 1
0.0
0.2
0.4
0.6
0.8
1.0
0 2
[Ca2+], mM [Gd3+], µM
Et
h-
up
ta
ke
, r
el
at
iv
e
c
a b 
d 
IC50 = 49±15 µM IC50 = 0.77±0.06 µM
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played Arrhenius activation energy in the intermediate range
(equivalent to a Q10 of 2.3). This temperature-dependency indi-
cates that ethidium does not diffuse freely through a continuous
open pore [54] but rather suggests that some temperature-depen-
dent process is involved, for example ﬂickering of gates.
Cx43 expression in the oocyte membrane failed to confer mem-
brane permeability to mannitol, urea, and glycerol under divalent
cation free conditions despite ethidium uptake under identical
experimental conditions. These small osmolytes (all with molecu-
lar sizes below that of ethidium) are routinely used to probe the
permeability pathway of various aquaporins [55,56]. Parallel
expression of AQP9, with a comparable pore diameter of 7–12 Å
[57] and a broad permeability range [58], readily promoted uptake
of all three osmolytes across the oocyte membrane while excluding
ethidium. This observation argues against superior sensitivity of
ethidium detection and/or non-selective ethidium uptake in oo-
cytes expressing heterologous proteins. It should be noted that a
subset of mammalian aquaporins, including AQP9, allows perme-
ation of larger substances (i.e. glycerol and urea) while excluding
all ions from the permeability pathway [58,59]. The seeming per-
meability paradox underscores the notion of Cx43 transporting
small amounts of ethidium in a gated and/or selective manner,
possibly involving ﬂickering of gates, whilst not necessarily acting
as a non-selective pore upon exposure to solutions lacking divalent
cations.There is evidence that gap junctional channels in the lens are
water permeable [60]. Along these lines, previous studies have also
alluded to the possibility of connexin hemichannels acting as water
pores [61,62], partly due to selective lysis of oocytes overexpress-
ing Cx46 [62]. Notably, cells do not lyse upon expression of a
water-permeable protein; mammalian cells and oocytes are gener-
ally unperturbed by overexpression of any aquaporin until pre-
sented with an osmotic gradient. Cells may, rather, lyse upon
expression of a non-selective ion channel allowing ion accumula-
tion [63] which is most likely the explanation for the lysis of
Cx46-expressing oocytes in [62]. In the present study, Cx30- and
Cx43-expressing oocytes did not undergo lysis and displayed os-
motic water permeabilities similar to that of the uninjected oo-
cytes. The water permeability was determined under conditions
(absence of divalent cations) which induced dye uptake in day-
matched oocytes (experiments carried out on the same day and
on the same batch of oocytes). Thus, these two connexins failed
to act as water pores when presented with an osmotic challenge
in their DCFS-activated hemichannel conﬁguration.
Under conditions permissive to ethidium uptake in Cx-express-
ing oocytes, provided by a complete lack of extracellular divalent
cations, we determined the permeability to glucose, glutathione,
ATP, lactate, and glutamate, all of which readily cross through con-
nexons in their gap junction conﬁguration, see [2]. Lactate and glu-
tathione did not permeate either of the expressed hemichannels.
Cx30-expressing oocytes displayed permeability towards glucose
D.B. Hansen et al. / FEBS Letters 588 (2014) 1446–1457 1455and glutamate whereas ATP release was observed from Cx30- as
well as Cx43-expressing oocytes. Of necessity to note, though, met-
abolic modiﬁcation of the radioisotopes, especially when micro-in-
jected, could affect the observed permeability, for example ATP
was radioactively labelled on the adenosine moiety and could be
transformed to ADP, AMP or adenosine during the span of the
experimental procedure. Therefore, we cannot exclude that the
measured ﬂux was partly metabolites, or that a lack of ﬂux could
be caused by partly incorporation of tracers in other molecules.
Our ﬁndings align with earlier studies reporting ATP release via
Cx30 [64] and Cx43 [12,24,65–68]. For glutamate the picture is less
clear. DCFS-activated astrocytic glutamate release through Cx43
hemichannels has previously been demonstrated with pharmaco-
logical as well as genetic methods [8,35] whereas glutamate was
released by Cx32 but not from Cx43 hemichannels in TNF-a-stim-
ulated microglia [69]. The disparity with our observations may be
due to (1) an astrocytic factor missing in the heterologous expres-
sion system which would allow Cx43 to enter into a more open
state and thereby allow release of glutamate, (2) that oocytes do
not process Cx43 like astrocytes (e.g. phosphorylation patterns
may be different) or (3) other astrocytic channel(s) possibly pro-
viding the glutamate release pathway [33,69,70]. In any case the
difference between Cx30 and Cx43 hemichannel permeability does
not seem to reﬂect the selectivity of cell–cell channels. Cx30 cell–
cell channels are reported to be selective to cationic dyes with little
or no permeability to anionic dyes [71–74], whereas Cx43 cell–cell
channels seem to discriminate on size rather than charge [75].
Therefore the results indicate that caution should be taken when
inferring properties of cell–cell channels directly to hemichannels.
Several connexin-based hemichannels are able to conduct cur-
rent upon activation. Amongst these hemichannels are Cx26,
Cx30, Cx43, Cx46, Cx50 [19,38,63,76,77]. Previous studies have,
in line with the present study, demonstrated lack of hemichan-
nel-mediated currents in Cx43-expressing oocytes in the presence
of physiological Ca2+ concentration in the extracellular solution
[39,78]. However, removal of divalent cations induced large
Gd3+-sensitive membrane currents in Cx30-expressing oocytes, in
accordance with previous observations on Cx30-expressing mam-
malian cell lines [32,38]. In contrast, Cx43-expressing oocytes
failed to conduct detectable current at membrane potentials in
the range between 100 and +60 mV even in the absence of diva-
lent cations, an experimental condition which induced ethidium
permeability. This is in line with studies on mammalian cell lines
showing that the open probability of Cx43 hemichannels towards
atomic ions is minute at physiologically relevant membrane poten-
tials, even in the absence of divalent cations [19,23,25,39]. Some
studies have detected Cx43 hemichannel-mediated electrical activ-
ity at negative membrane potentials [12,14,24], whereas unphysi-
ologically high positive membrane potentials or addition of
microglia-conditioned medium are required to detect Cx43-medi-
ated membrane current in others [19,23,49,79,80].
Oocytes expressing Cx30 or Cx43 displayed comparable Gd3+-
sensitive ethidium uptake and ATP release but vastly different io-
nic conductivity and permeability towards glucose and glutamate.
This distinction supports the concept of hemichannels that, when
open, act as selective pores with isoform-speciﬁc functional char-
acteristics as is the case for gap junctions, reviewed in [2]. The sep-
aration of conductance and dye permeability in the hemichannel
mode of Cx43 is underscored by experimental observations of
Cx43-mediated hemichannel currents arising at highly positive
membrane potentials [19,23] while dye uptake and release of
ATP and glutamate readily occur at resting membrane potentials
[8,19,24,66]. This paradoxical disconnect between dye permeabil-
ity and membrane current may be a function of the low hemichan-
nel open probability preventing detection of membrane
conductance while still allowing detectable accumulation ofﬂuorescent dyes. However, the observation that Cx30 displays a
permeability to ethidium comparable to that of Cx43, despite the
fact that it exhibits large currents, argues against such a mecha-
nism. If Cx43 is indeed selectively permeable to ethidium but not
to small atomic ions, it should carry current in an ethidium-con-
taining solution. Although we did not perform electrophysiological
experiments in the presence of ethidium, we extrapolated the
Cx43-mediated ethidium uptake obtained in non-voltage-clamped
oocytes to correspond to a current of approximately 50 pA. This
minute contribution would be undetectable in the nA background
current and we therefore cannot expect measurable Cx43-medi-
ated ethidium current at any reasonable ethidium concentration.
The disconnect between ethidium permeability and ionic con-
ductance was alleviated by truncation of the C-terminus, which
led to a small but detectable DCFS-activated current. A previous
study reported lack of channel activity in Cx43-M257 [24]. These
measurements were performed in cell attached mode or with in-
side out patches with 130 mM ATP in the pipette, which might ex-
plain the difference in activation pattern. Connexons contain
distinct gating mechanisms (for review see [47] and [81]): The C-
terminus is required for fast pH- and voltage-dependent gating of
Cx43 gap junctional channels [51,82,83], whereas it is unlikely to
be involved in closure of connexins by extracellular divalent cat-
ions. Slow voltage-dependent loop gating (originating from the
extracellular segments, for review see [81]) is probably involved
in regulation by divalent cations [84,85] and removal of calcium in-
creases the size of the pore mouth [86,87]. The exact molecular
mechanism of Ca2+-dependent closure is unknown and may differ
among connexins. In any case, the gating by extracellular divalent
cations and the gate involving the C-terminus are likely sequential.
It is thus tempting to speculate that removal of divalent cations in-
creases the open probability of the slow gate but that the probabil-
ity of the slow and fast gate to open simultaneously in Cx43 is too
small at physiological membrane potentials to permit a detectable
ﬂow of current. Given such gate movements, molecules that gain
access to the pore with the opening of one gate could subsequently
be released to the opposite side of the membrane upon opening of
the other gate. Such a transport mechanism could occur in the ab-
sence of current and would be consistent with the intermediate
Arrhenius activation energy observed in the present study. Re-
moval of the C-terminus would prevent fast voltage-dependent
closure and thus lead to the formation of a continuous pore upon
opening of the slow gate, allowing current to ﬂow as observed in
the present study upon C-terminal truncation of Cx43. Although
our data are consistent with this tentative hypothesis, we stress
that the evidence is circumstantial and that additional experimen-
tation is needed to prove or disprove the hypothesis. The ethidium
uptake in Cx43-M257-expressing oocytes was signiﬁcantly larger
compared to oocytes expressing wild type Cx43, as earlier reported
for Cx43-M257/Cx43-expression in HeLa cells [17]. This experi-
mental behavior is expected if gating, rather than permeability as
such, restricts the transfer of ethidium. In accordance with the no-
tion that the extracellular gate is independent of the C-terminus,
the Ca2+ sensitivity of Cx43-mediated dye transfer was indepen-
dent of an intact C-terminus (this study and [88,49]) as was the
case for the Gd3+-sensitivity, indicating that the pathway for ethi-
dium is indeed the Cx43 protein.
In conclusion, we observed Gd3+-sensitive ethidium uptake in
Cx30 and Cx43-expressing oocytes upon removal of divalent cat-
ions from the extracellular solution and an associated ATP release.
Under equally permissive experimental conditions, we found that
Cx30 and Cx43 hemichannels differed in their permeabilities to-
wards ions and small biologically relevant molecules. Both Cx30
and Cx43 hemichannels, in the present experimental setting,
thus acted as highly selective pores with isoform-speciﬁc func-
tional characteristics. Although we cannot exclude that other
1456 D.B. Hansen et al. / FEBS Letters 588 (2014) 1446–1457physiologically relevant molecules gain access through these
hemichannels in different cellular systems, possibly exposed to
alternative cofactors and/or stimuli, we propose that hemichannels
are selective and that uptake of ﬂuorescent dyes cannot be equaled
to hemichannel permeability towards molecules of molecular sizes
below that of the dye.
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